Objective: To define changes in cortical function in persons inheriting familial Alzheimer disease (FAD) mutations before the onset of cognitive decline.
A minority of Alzheimer disease (AD) cases are attributable to genetic mutations, and are categorized as familial AD (FAD). Familial AD provides an opportunity to study preclinical cognitive and neural decline in AD because the mutations are fully penetrant, and age at dementia onset tends to be consistent within a family. 1, 2 Three genes whose mutations cause autosomal dominantly inherited familial AD have been identified: presenilin-1 (PSEN1) and 2 3 and amyloid-precursor protein (APP). 4 Relative to sporadic AD, familial AD typically has a younger age at onset, a more rapid course of decline, and can include paraparesis, myoclonus, and seizures. 5 The neuropathologic profile in FAD is similar to sporadic AD, with neurofibrillary tangles and beta-amyloid plaques present in cortical association areas and subcortical modulatory systems. 6, 7 The impact of neuropathology on cortical function can be studied by measuring auditory event-related potentials (ERPs) in response to a stimulus. Auditory ERP components reflect activity of sensory (P50, N100, P200) and association (N200, P300, slow wave) cortical systems.
The objective of this study was to define cortical activity associated with preclinical AD using auditory ERPs in several families with FAD. Subjects were grouped as a function of FAD genotype (mutation carrier vs noncarrier), and auditory ERPs were measured during an auditory stimulus discrimination task. Based on results in MCI and sporadic AD 8, 9 we predicted increased sensory component amplitudes and longer latencies of cognitive components.
METHODS Subjects. A total of 26 subjects of Mexican descent were tested and divided into 2 subgroups according to genotype (FAD mutation carriers, n ϭ 15; FAD noncarriers, n ϭ 11). Twenty-four subjects had first-degree relatives diagnosed with dementia and known to have pathogenic PSEN1 or APP mutations and were therefore known to be at risk for these same mutations. Nineteen subjects were from families having PSEN1 mutations (A431E substitution ϭ 14, L235V substitution ϭ 5) and 5 were from 2 families with an APP mutation (V717I substitution). Two additional ethnically, age-, and gender-matched healthy controls were studied and included in the noncarrier group to help balance the groups. Subjects were made aware of their risk for AD through genetic testing as part of the clinical assessment of an affected family member. Some participants resided in Mexico and traveled to Southern California for testing (n ϭ 14), while the remaining subjects lived in Southern California. Demographic information is shown in table 1.
For genetic testing, DNA was extracted from blood samples, and the presence of A431E and L235V substitutions in presenilin-1 were assessed using restriction fragment length polymorphism analyses. The presence of the V717I substitution in amyloid precursor protein was assessed with direct sequencing. For all but 1 subject who decided to pursue clinical presymptomatic testing and the 2 additional matched controls, clinical assessments were performed blind to subjects' genetic status. For all subjects, event-related potential analyses were conducted blind to genetic status and clinical test results. Subjects were informed they would be tested for the FAD mutation for which they were at risk, but in the context of the research protocol would not be told the result.
Standard protocol approvals, registrations, and patient consents. All subjects gave their written informed consent and all study procedures were approved by Institutional Review Boards at UCLA, UC Irvine, and the National Institute of Neurology and Neurosurgery in Mexico City.
Clinical staging and cognitive assessments. Subjects primarily spoke English (n ϭ 5) or Spanish (n ϭ 19), or were bilingual (n ϭ 2). All were assessed with the Cognitive Abilities Screening Instrument (CASI) and the Clinical Dementia Rating Scale (CDR). The CASI uses a 100-point scale to quantify general cognitive abilities, and has been translated into Spanish. 10 The CDR is a structured interview with input from both the subject and an informant who knows the subject well. 11 In the CDR asymptomatic persons are rated 0, and persons with questionable cognitive impairment are rated 0.5. Dementia severity is indicated by scores of 1 (mild), 2 (moderate), and 3 (severe). The CDR was performed by investigators (L.M., J.R.) with both an unrelated informant and the subject. Subjects were also given the Mini-Mental State Examination as a standard screen for dementia. 12 Behavioral task. Subjects performed a target detection, or oddball, task by listening to a sequence of tones having a constant interstimulus interval of 2.5 seconds. 13 Tones were presented from 2 speakers placed ϳ0.75 m in front of the subject (70 dB SPL, 100 msec duration, 5 msec rise/fall times). Pure tones were either 1,000 Hz nontargets or 2,000 Hz targets. Probability of presentation was 0.80 for targets and 0.20 for nontargets (total of 300 tones; 60 targets, 240 nontargets). Subjects listened to the tones and were instructed to quickly press a button when a target was presented, while maintaining high levels of accuracy. The sequence of tones was randomly determined except that 2 targets were never presented in a row, and a maximum of 9 nontargets could be presented in a row.
Electrophysiologic recordings. Subjects were seated inside a sound attenuating, electrically shielded booth. Ten Ag/AgCl recording electrodes were placed on the scalp according to the 10/20 system (Fz, Cz, Pz, Oz, F3, C3, P3, F4, C4, and C4 sites; impedance Ͻ5 kOhm). Electrodes were placed above and below the left eye to monitor eye movements, and 1 electrode on the forehead was the ground. Reference electrodes were placed on the left and right mastoid in a linked mastoid configuration. The EEG and EOG were amplified (DC-100 Hz, sample rate ϭ 500 Hz) and collected continuously, with additional offline analysis. Eyeblink artifacts were corrected using an algorithm, 14 and sweeps were then averaged according to stimulus type (nontarget or target). Sweeps to targets were visually inspected for artifacts before being accepted into the average. Sweeps to nontargets were automatically rejected if the voltage on any electrode site exceeded Ϯ75 V, and all subjects had clear ERP peaks. ERP recordings were performed and analyzed by personnel blind to subjects' genetic status, including that of the 2 controls who were not at risk for FAD.
Data analysis.
Reaction time was calculated relative to stimulus onset. Accuracy was the percent of correct responses to target tones (out of 60), and false alarms indicated button presses to nontargets. Median reaction times were calculated for each Table 1 Demographics and cognitive assessment subject to limit the influence of any outlier reaction times. Outliers were not a problem with the present data, and FAD group comparisons were identical to those using mean reaction times (data not shown).
ERPs were digitally filtered (0.1-16 Hz, 12 dB/octave, P300 and slow wave measures used DC-16 Hz, 12 dB/octave). Peak latencies of components were calculated relative to stimulus onset. Amplitudes of stimulus-evoked potentials were defined relative to a 100-msec baseline period immediately before stimulus presentation. The P50, N100, and P200 components were measured to nontargets and targets. The N200 and P300 components were also measured for targets. The P50 was defined as the maximum positivity between 40 and 80 msec poststimulus, the N100 was the maximum negativity between 80 and 160 msec, and the P200 was the maximum positivity between 150 and 250 msec. The N200 was the maximum negativity between the P200 and P300 (250 -350 msec), and the P300 was defined as the maximum positivity between 300 and 700 msec.
Statistical analysis. ERPs and behavioral data from target detection and clinical tests were analyzed with t tests or analysis of variance (ANOVA). p Values Ͻ0.05 were considered significant. Most analyses used t tests to compare carriers vs noncarrier groups. Analysis of variance had the factor of FAD genotype (group: carrier, noncarrier) and electrode site (Fz, Cz, Pz for midline comparisons, C3 and C4 for hemispheric comparisons). The P50, N100, P200, and N200 components were measured from the Cz site; the P300 was measured from the Pz site. Midline sites were chosen because amplitudes of these ERP components are typically largest at midline sites. The slow wave was measured from Fz, Cz, and Pz sites (mean voltage from 400 to 550 msec). Stepwise discriminant function analyses quantified the ability of ERP measures to successfully classify individuals according to FAD genotype. Prediction of a given subject's classification was based upon a model that did not include that subject.
RESULTS Demographics and clinical tests.
Demographic and clinical test results from FAD mutation carriers and noncarriers are shown in table 1. Five mutation carriers and one noncarrier had CDR scores of 0.5. All remaining subjects had CDR scores of 0. None of the measures showed significant differences between groups. Two subjects included in the FAD carrier group had MMSE scores of 22 and 24, but the ERP results were the same when these 2 subjects were excluded.
Target detection task: Behavior. Behavioral measures in the target detection task were compared between groups using t tests. There were no significant group differences in median reaction time for noncarriers (364 Ϯ 29 msec) and carriers (326 Ϯ 17 msec). There were also no significant group differences for accuracy (98% both groups) or false alarms (1% both groups).
Target detection task: ERPs. ERPs in FAD mutation and noncarrier groups are shown in figures 1 (nontargets) and 2 (targets), with the corresponding peak amplitude and latency measures shown in table 2. ERP peak latencies and amplitudes at a single electrode site were compared between groups using t tests. ANOVA was used when more than 1 electrode site was analyzed.
Figure 1
Event-related potentials to nontarget stimuli in familial Alzheimer disease carriers vs noncarriers Mutation carriers had significantly longer N100 and P200 latencies, and larger P200 amplitudes at lateral electrode sites. Vertical bar indicates stimulus onset.
Figure 2 Event-related potentials to target stimuli in familial Alzheimer disease carriers vs noncarriers
Mutation carriers had significantly longer latencies for the P200, N200, and P300 components and smaller slow wave amplitudes. Vertical bar indicates stimulus onset.
Latency measures from individual subjects are plotted in figure 3 for N100 and P200 latencies to nontargets (A, B), and P200, N200, and P300 latencies to targets (C-E). A plot of latencies for the P200, N200, and P300 components to targets is shown in figure 3F .
There were group differences in nontarget ERP latencies for the N100 (t (24) ϭ 2.2; p Ͻ 0.04) and P200 (t (24) ϭ 3.0; p Ͻ 0.01) components, with longer latencies in the FAD mutation group. Latencies of ERPs to targets were also prolonged in FAD mutation relative to noncarriers, with differences for the P200 (t (24) ϭ 2.2; p Ͻ 0.04), N200 (t (24) ϭ 2.7; p Ͻ 0.02), and P300 (t (24) ϭ 2.5; p Ͻ 0.02) components. Comparison of latencies across the ERP components showed that the latencies in the FAD mutation group were ϳ10% longer than the noncarrier group. A subanalysis containing only subjects having CDR scores of "0.0" (FAD carrier n ϭ 10, noncarrier n ϭ 9) had the same results except there was a trend for P300 latency differences ( p Ͻ 0.08).
Analysis of ERP amplitudes to nontargets indicated no significant group differences in P50 or N100 amplitudes. The P200 did not differ among groups at Cz. However, analysis at lateral sites using a 2 (group) ϫ 2 (site: C3, C4) ANOVA had an effect of group (F (1, 24) ϭ 5.6; p Ͻ 0.03), with larger amplitudes in the FAD mutation subjects. There were no significant differences for N200 or P300 amplitudes. Analysis of slow wave amplitudes to targets used a 2 (group) ϫ 3 (site: Fz, Cz, Pz) ANOVA test. There were effects of group (F (1,23) ϭ 9.6; p Ͻ 0.01) and electrode site (F (2, 46) ϭ 50.1; p Ͻ 0.001), with more positive values in FAD carriers. The electrode site effect indicates negative potentials at the frontal electrode site and progressively more positive values at posterior sites. Post hoc t tests comparing slow wave amplitudes in each group were significant at all electrode sites (Fz: p Ͻ 0.01; Cz: p Ͻ 0.02; Pz: p Ͻ 0.03). Inclusion of only subjects with CDR scores of 0.0 did not change the slow wave results, but P200 amplitudes were no longer significantly different between groups. Note that one outlier FAD carrier was not included in the slow wave analysis (slow wave amplitude Ͼ3.3 SD from mean).
A stepwise discriminant analysis was performed using nontarget N100 and P200 latencies and target P200, N200, and P300 latencies and slow wave amplitude. The output model included the P200 latency and slow wave measures, and correctly classified 82% (9/11) of noncarriers and 86% (11/ 14, 1 slow wave outlier not included) of FAD carriers. Use of nontarget P200 latency alone was able to correctly classify 64% (7/11) of FAD noncarrier subjects and 87% (13/15) of FAD mutation subjects.
DISCUSSION
The main finding of this study was a significant delay in peak latencies of cortical potentials to sounds in FAD mutation carriers relative to noncarriers from the same families. Delays in ERP latencies were observed in subjects having minimal or no cognitive deficits, and thus may indicate changes in cortical function prior to the clinical expression of AD. FAD carriers also had smaller slow wave amplitudes and larger P200 amplitudes.
Auditory ERPs are generated by synchronous activity in populations of cortical neurons that are time-locked to stimulus onset. 15 Prolonged ERP latencies, in particular the P300, are observed in many neurologic and psychiatric disorders such as dementia, 16 closed head injury, 17 multiple sclerosis, 18 and major depression. 19 The N200 has been studied less intensively than the P300, but also has a longer latency in older MCI and AD patients compared to age-matched controls. 20 The N200, P300, and slow wave are considered cognitive potentials that are present when selectively attending to a task, 21 while the N100 and P200 are typically considered sensory components that can be influenced by cognitive factors. 22, 23 The N100 and P200 largely reflect auditory cortical responses, 24, 25 while the P300 is generated by parietal, temporal, and prefrontal association cortex. 26 Taken together, ERP components can be affected by cortical dysfunction in subjects either with or without notable cognitive deficits, but changes may not be specific to a particular neurologic or psychiatric disorder. There were no significant group differences in behavioral measures, indicating ERP differences among groups are not secondary to different task demands. The 2 groups also did not differ in the clinical and cognitive screening tests used for dementia. Clearly neuropsychological tests would be needed for a comprehensive cognitive assessment. However, the absence of frank cognitive deficits in FAD subjects suggests that ERP measures were sensitive to the effects of specific gene mutations prior to the clinical expression of AD neuropathology. Note that the results were unaffected even when 2 subjects with somewhat low MMSE scores were removed. Discriminant analysis using ERP measures in the small subject pool of this study showed promising sensitivity (86%) and specificity (82%). The sensitivity and specificity results were comparable to studies using ERP 8 and EEG measures 27 in larger groups of MCI and sporadic AD subjects, although more FAD subjects would be needed for direct comparisons. The pathology underlying delays in ERP latencies in persons with PSEN1 and APP mutations is uncertain. Decreases in whole brain and medial temporal lobe volume 28 and hypometabolism in temporoparietal cortex 29 have been reported to occur during the presymptomatic period in FAD. The relationship of these changes to ERP latencies, however, is unclear. Compromise of white matter tracts is another candidate mechanism for slowed cortical processing in FAD mutation carriers. Imaging of white matter integrity in FAD carriers using diffusion tensor MRI found decreased fractional anisotropy in FAD carriers vs noncarriers. 30 Decreased fractional anisotropy was seen for total white matter and select regions of interest including the corpus callosum and connections of the medial temporal lobe, and has been related to decreased myelination or diffuse white matter damage. Given that the ERPs in this study originate in neocortex and are assumed to reflect coordinated activity among multiple cortical regions, 26 we speculate that latency delays in FAD carriers may reflect, in part, white matter damage.
Previous studies of older subjects with MCI show that P50 amplitude and P300 latency distinguish MCI from controls, 31, 32 while N100 and P200 latencies did not differ. Increases in P300 latency are present in both amnestic MCI and FAD mutation carriers. Both amnestic MCI and FAD carriers have abnormal early auditory ERPs, but the specific components differed between groups (MCI and P50, FAD and P200). Amplitudes of the P50 and N100 are greater in amnestic MCI vs older controls, 31, 33 with the largest amplitudes in MCI subjects who later convert to dementia within 1-4 years. 8 In the present study there was a small amplitude increase of an auditory ERP component in FAD carriers, but it was the P200 rather than P50 or N100. The group effect was attenuated somewhat by one noncarrier subject who had a very large P200 component (2.1 SD), but group differences were nonetheless significant at lateral sites. Unlike the findings in this smaller sample of FAD subjects, overall amplitudes and latencies of the P200 do not differ in amnestic MCI or AD relative to older controls. 9, 31 Factors such as the expected time until dementia, subject age, and disease processes may account for differences between ERP results in amnestic MCI and sporadic AD vs findings in FAD carriers in the current study. Auditory ERP differences in amnestic MCI were most apparent in those subjects who converted to AD within 4 years. 8 In contrast, FAD mutation carriers in the current study would not be expected to have diagnosable dementia for more than a decade. Age may also be an important factor, as the impact of AD pathology and possible compensatory responses may differ in younger and older subjects. Although postmortem studies show similar results for FAD and sporadic AD, there are some neuropathologic differences. 6 Thus differences in disease processes may contribute to ERP differences in amnestic MCI and sporadic AD vs FAD subjects.
Most of the subjects in this study were women. One prior study reported sex differences in P300 latency in older healthy controls that depended on APOE genotype. 34 The ⑀4 allele is a risk factor for AD, 35 but all subjects had normal scores on cognitive testing. In women, but not men, APOE ⑀4 genotype was associated with longer P300 latencies than subjects having only ⑀2/ ⑀3 alleles. Consequently, we caution against generalizing the results from this study to men.
